Objective-There is evidence for a relationship between endothelial dysfunction and cardiovascular disease, but a causative role for oxidative stress remains to be determined. Methods and Results-We studied 188 patients with severe coronary artery disease (CAD), of whom 51 were age and sex matched with 51 healthy controls undergoing varicose vein surgery. Relaxation of saphenous vein to calcium ionophore, apocynin, and allopurinol was studied together with the markers of oxidative stress, total antioxidant capacity and reduced/oxidized glutathione ratio. Vascular superoxide levels were measured using lucigenin chemiluminescence and hydroethidine. Relaxation to calcium ionophore was decreased in CAD compared with control patients (maximum relaxation 26Ϯ2% versus 60Ϯ1%; PϽ0.001). Total superoxide production was increased (0.89Ϯ0.09 versus 0.56Ϯ0.06 nmol/mg per min; Pϭ0.008), whereas superoxide inhibition with apocynin or allopurinol had a greater effect on vasorelaxation in CAD patients. Low-density lipoprotein (LDL) cholesterol predicted relaxation to calcium ionophore (PϽ0.001) and oxidative stress markers (PϽ0.001) in CAD patients. Conclusions-Endothelial dysfunction is associated with raised levels of superoxide and biomarkers of oxidative stress in saphenous veins from CAD patients. LDL cholesterol is a major determinant of endothelial dysfunction and oxidative stress in these patients. 
ndothelial dysfunction occurs in conjunction with coronary artery disease (CAD). It is observed both in the coronary and peripheral vasculature. 1 Moreover, risk factors for CAD have been almost universally associated with a degree of endothelial dysfunction in humans. 2, 3 Increased production of reactive oxygen species, in particular, superoxide and radicals derived from superoxide, has been associated with endothelial dysfunction in animal models of disease, and there is increasing evidence of a link between oxidative stress and endothelial dysfunction in humans. 4 -8 It has been reported that endothelial dysfunction and increased oxidative stress may predict future events in patients with CAD. 9 However, comparative data on endothelial function, direct measures of superoxide in human vessels, and biomarkers of oxidative stress are not available in patients with CAD nor in control subjects with no documented cardiovascular disease. Circulating biomarkers of oxidative stress have been investigated in patients with essential hypertension and in control subjects, 10 but the relationship between these markers and endothelial function has not been examined. In addition, although the degree of endothelial function has been consistently linked to the number of risk factors present in patients with CAD, the relative importance of individual risk factors in determining levels of oxidative stress and endothelial function remains uncertain. 11, 12 To address these questions, we have studied endothelial function and levels of oxidative stress in a group of patients with severe CAD undergoing coronary artery bypass graft surgery. In addition, endothelial function and levels of oxidative stress markers were compared in a subgroup of 51 of these patients and 51 age-and sexmatched control patients with no documented cardiovascular disease who were undergoing surgery for removal of varicose veins.
Methods

Subjects
We recruited 188 patients undergoing elective coronary artery bypass graft surgery. A subgroup of 51 patients were age (within 2 years) and sex matched with 51 patients undergoing elective surgery for removal of varicose veins. Patients undergoing coronary artery bypass graft surgery had obstructive CAD demonstrated by coronary angiography; all of the control patients had a normal ECG and no history of arterial hypertension, angina, CAD, or peripheral artery disease. The study was approved by the local ethics committee, and all of the patients gave written informed consent. Venous samples were collected at the time of surgery, stored in HEPES buffer overnight, and assayed the following day. Blood samples were collected 5 to 10 days before coronary artery bypass graft surgery or within 1 month of varicose vein surgery. Patients fasted and rested supine for 30 minutes before donating blood.
Vascular Reactivity of Veins
Two-to 3-mm rings of vein were studied in organ chambers in a buffer containing indomethacin (0.02 mmol/L) to inhibit prostanoidmediated effects as described previously. 13 Only nonvaricosed portions of vein were studied. Vessels were constricted with phenylephrine (3 mol/L), and relaxations to calcium ionophore A23187 (0.01 to 10 mol/L; endothelium dependent vasodilatator), sodium nitroprusside (0.001 to 10 mmol/L; endothelium independent vasodilatator), apocynin [0.01 to 0.3 mmol/L; reduced nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase inhibitor], or allopurinol (0.01 to 0.3 mmol/L; inhibitor of xanthine oxidase) were examined. From previous experience, we know that the vasodilator effect of apocynin is endothelium mediated, because it can be reversed by the nitric oxide synthase inhibitor N G -nitro-L-arginine-methyl ester. 4 Pilot experiments before the current work have shown that apocynin and allopurinol at doses Ն1 mmol/L exert unspecific effects on vascular tone; we have, therefore, used maximum doses of 0.3 mmol/L. Additional studies have been carried out to investigate the combined effects of allopurinol and apocynin on vasorelaxation. Relaxation was expressed as a percentage of the constriction to phenylephrine.
Superoxide Production
Superoxide levels were measured in blood vessels from a subset of age-and sex-matched CAD and control patients (nϭ30). Superoxide was measured using lucigenin chemiluminescence as described previously 14 and oxidative fluorescent microtopography with hydroethidine. For the latter, frozen sections were prepared and incubated with the nuclear marker 4Ј,6-diamidino-2-phenylindole (DAPI; 0.5 g/mL for 2 minutes) followed by hydroethidine (2 mol/L for 20 minutes). Fluorescence was detected using a Bio-Rad laser scanning confocal microscope with an optical band pass filter of 470Ϯ30 nm for DAPI (2-photon excitation 750 nm) and a band pass of 580Ϯ16 nm for hydroethidine (single-photon excitation 488 nm). Vessels from CAD and control patients were analyzed in parallel under identical laser settings and fluorescence quantified using techniques similar to those described by Chamseddine and Miller. 15 Changes in superoxide production after 60 minutes of incubation with allopurinol (0.1 mmol/L) and apocynin (0.1 mmol/L) were assessed by lucigenin chemiluminescence in the 15 patients with CAD.
Markers of Oxidative Stress
Total antioxidant capacity was measured in plasma using a commercially available kit (AOP-490; Oxis International Inc) based on the reduction of Cu 2ϩ to Cu ϩ . The reduced/oxidized glutathione (GSH/ GSSG) ratio was measured in whole blood using a commercially available kit (GSH/GSSG-412, Oxis International Inc). GSH reacts with Ellman's reagent to form a spectrophotometrically detectable product at 412 mm. In a separate reaction, GSSG was reduced to GSH, which was then determined in the same manner.
Statistical Analysis
All of the comparisons of markers of oxidative stress and superoxide production between CAD and control patients were made in age-and sex-matched samples. This was done to create similar age/sex profiles for the 2 groups, because CAD patients tended to be older and have a higher male/female ratio than patients undergoing varicose vein surgery. Normal distribution of data was examined by the Kolmogorov-Smirnov test. Where appropriate, unpaired Student t tests were used for the comparisons of relaxation at different concentrations to calcium ionophore, sodium nitroprusside, apocynin, and allopurinol between the 2 groups. The Mann-Whitney U test was used for comparison of non-normally distributed data between the groups.
To investigate which risk factors were independently related to vasorelaxation, multiple linear regression analysis was performed using data from the 188 CAD patients, and estimated effects, 95% CIs, and P values were tabulated. Multiple correlation coefficients were calculated as an overall measure of the relationship between risk factors and vasorelaxation. Data not following normal distributions (total antioxidant capacity and reduced/oxidized glutathione ratio) were log transformed for this analysis. Coefficients and their confidence intervals for these 2 analyses given in Table II (available online at http://www.atvb.ahajournals.org) have been back transformed from the log scale, and they indicate the estimated proportional increase in the response associated with a unit increase in the predictor. Where appropriate, Pearson correlation coefficients and Spearman correlation coefficients are displayed.
All of the analyses were carried out using Minitab version 13.1 (Minitab Inc). Unless otherwise indicated, results are shown as meanϮSE, including 95% CIs where appropriate, and PϽ0.05 was considered significant.
Results
Patient Characteristics
Patient demographics are shown in the Table. The subpopulation selected for comparison with control patients was similar to the whole CAD patient group with the exception of a higher proportion of males. Control patients had significantly lower blood pressure, cholesterol levels, and body mass index than CAD patients, and none were receiving any treatment for cardiovascular disease.
Vascular Reactivity in Age-and Sex-Matched CAD and Control Patients
Endothelium-dependent relaxations to calcium ionophore were attenuated in vessels from CAD compared with control patients across the full concentration response curve ( Figure  1 ) with maximal relaxation (calcium ionophore 10 mol/L) being 26Ϯ2% and 60Ϯ1%, respectively, in CAD and control patients (PϽ0.001; 95% CI, 29% to 39%). In contrast, endothelium-independent relaxation to sodium nitroprusside was not attenuated in the CAD patients; in fact, at the highest dose (10 mol/L), relaxation was greater in CAD than in control patients. At the highest concentrations examined, both the xanthine oxidase inhibitor, allopurinol (0.3 mmol/L), and the NADPH oxidase inhibitor, apocynin (0.3 mmol/L), caused greater relaxations in vessels from CAD compared with control patients. In the presence of allopurinol, relaxations were 25Ϯ2% and 16Ϯ1% (PϽ0.001; 95% CI, Ϫ14% to Ϫ4%), whereas in the presence of apocynin, relaxations were 23Ϯ2% and 10Ϯ1% (PϽ0.001; 95% CI, Ϫ18% to Ϫ8%), respectively, in CAD and control tissues. In the total group of CAD patients (nϭ188), there was no correlation between maximum relaxation to allopurinol and maximum relaxation to apocynin (rϭ0.021; Pϭ0.777).
Direct Measurement of Vascular Superoxide
Lucigenin chemiluminescence measurements of superoxide were significantly greater in blood vessels from CAD than from control patients (0.89Ϯ0.10 versus 0.55Ϯ0.06 nmol/mg per min; Pϭ0.008; 95% CI, 10.1 to 59.5 nmol/mg per min; Figure 2A ). Apocynin (Pϭ0.021) and allopurinol (Pϭ0.038) reduced superoxide production significantly by 0.12Ϯ0.05 nmol/mg per min (95% CI, 0.02 to 0.21 nmol/mg per min) and 0.22Ϯ0.10 nmol/mg per min (95% CI, 0.14 to 0.43 nmol/mg per min) in patients with SBP indicates systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; NYHA, New York Heart Association; CCS, Canadian Cardiovascular Society; MI, myocardial infarction; ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker. Data expressed as meanϮSD. Note the absence of significant differences between the total CAD group and the subgroup of CAD patients matched to control subjects with the exception of sex distribution. *PϽ0.001 between age-and sex-matched CAD and control patients. †PϽ0.001 between age-and sex-matched CAD subgroup and total CAD group. In these experiments (nϭ8), maximum relaxation to allopurinol was 47Ϯ4%, to apocynin 36Ϯ5%, and to allopurinol plus apocynin 76Ϯ8%, which did not differ significantly from the theoretical maximum of 83Ϯ8% (Pϭ0.448). Figure 2B ). The higher levels of superoxide production in patients with CAD were confirmed using hydroethidine ( Figure  2D , 2E, 2G, and 2H) and were observed throughout the vessel wall. In contrast to hydroethidine the intensity of DAPI staining was similar in vessel sections from CAD and control patients ( Figure 2C and 2F).
Patient Demographics
CAD (
Markers of Oxidative Stress
The levels of oxidized glutathione were significantly higher in blood from CAD compared with control patients (18Ϯ3 versus 4Ϯ1 mol/L; PϽ0.001), and the ratio of reduced/oxidized glutathione was lower (129Ϯ31 versus 641Ϯ115; PϽ0.001). In contrast, levels of reduced glutathione did not differ between CAD and control patients (1127Ϯ81 versus 1113Ϯ49 mol/L; Pϭ0.556). Consistent with these findings, the total antioxidant capacity was significantly reduced in plasma from the same group of CAD patients (1703Ϯ57 versus 2012Ϯ67 Cu 2ϩ -reducing equivalents; PϽ0.001).
Risk Factor Analysis
Multiple regression analysis using risk factors that could be related to endothelial dysfunction and oxidative stress was conducted on the total CAD population studied (188 patients). This larger group of CAD patients showed a similar degree of oxidative stress and endothelial dysfunction to the subgroup matched to control patients (Table I , available online at http://www.atvb.ahajournals.org). Control patients had been selected to have contrasting clinical characteristics to the CAD patients and were, therefore, not included in the regression analysis.
The analysis identified LDL cholesterol as a highly significant predictor of relaxation to calcium ionophore in the CAD patients (␤ coefficient, Ϫ4.7 per mmol/L; Pϭ0.001). There was no evidence that age, sex, body mass index, blood pressure, diabetes status, statin, and angiotensin-converting enzyme inhibitor therapy contributed to endotheliumdependent relaxation (Table II , available online at http:// atvb.ahajournals.org). LDL cholesterol level was also a significant determinant of biomarkers of oxidative stress (GSH/ GSSG ratio: ␤ coefficient, Ϫ53.1 per mmol/L, Ͻ0.0005; total antioxidant capacity: ␤ coefficient, Ϫ12.3 per mmol/L, Ͻ0.0005), but, here, other risk factors, including diastolic blood pressure, age, and smoking, also played a role (Table  II) . Thus, significant negative correlations between LDL cholesterol and markers of endothelial function and oxidative stress were observed (Figure 3) . However, the markers of 
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Oxidative Stress in Coronary Artery Diseaseoxidative stress did not correlate directly with relaxation to calcium ionophore (log total antioxidant capacity versus calcium ionophore: Pϭ0.072; log ratio of reduced to oxidized glutathione versus calcium ionophore: Pϭ0.651). LDL cholesterol was also a significant predictor of relaxation to the NADPH oxidase inhibitor apocynin (␤ coefficient, Ϫ4.42 per mmol/L, Pϭ0.019; Table II ). In contrast to the other phenotypes examined, relaxation to the xanthine oxidase inhibitor allopurinol was not determined by LDL cholesterol. In diabetic subjects, xanthine oxidase inhibition with allopurinol had a greater effect on the percentage of vasorelaxation than in nondiabetic subjects (35Ϯ3 versus 21Ϯ1%; PϽ0.001; 95% CI, Ϫ20% to Ϫ7%; Table II ).
Discussion
We have demonstrated contrasting levels of oxidative stress and endothelial function between patients with severe CAD and age-and sex-matched individuals with no documented cardiovascular disease. This is the first study to assess endothelial function, superoxide production, and oxidative stress, not only in vessels used for revascularization in coronary artery bypass graft surgery, but also in the equivalent vessels from healthy control subjects. Moreover, we demonstrated the predominant role of LDL cholesterol in determining oxidative stress and endothelial dysfunction in CAD patients.
Our studies showed severe depression of relaxation to calcium ionophore in veins from CAD patients despite normal responses to sodium nitroprusside, consistent with a specific defect in endothelium-dependent nitric oxide pathways. Superoxide levels, measured directly within the vessel wall using 2 methods, were elevated in blood vessels from CAD compared with control patients. In addition, in the organ bath studies, inhibition of xanthine oxidase and NADPH oxidase with allopurinol and apocynin, respectively, caused significantly greater relaxation in vessels from CAD compared with control patients. These findings indicate excess superoxide production as an important cause of the attenuation of endothelium-dependent relaxations in CAD patients and suggest that both xanthine oxidase and NADPH oxidase contribute to superoxide production in these patients. Consistent with these observations, increased NADPH oxidase and xanthine oxidase activity has been suggested in patients with CAD, 10, 16 and inhibitors of these enzymes have been shown to inhibit superoxide production in the saphenous vein from CAD patients. 14 Precise quantitative measures of the relative contribution of NAD(P)H oxidase and xanthine oxidase to vascular superoxide production have not been readily obtained in the present experiments. Apocynin acts by blocking the assembly of the NADPH oxidase complex. NOX4 has been shown to be the predominant homologue in vascular smooth muscle from conduit vessels. 17 NOX4 is constitutively active; thus, apocynin may have low potency in the saphenous vein and only inhibit a proportion of NAD(P)H oxidase activity.
The degree of endothelial dysfunction has been reported to be related to the number of risk factors present in CAD patients. 11, 12 However, Huraux et al 11 failed to show any relationship between superoxide levels and endothelial dysfunction in internal mammary arteries from a group of 97 CAD patients, whereas Redón et al 10 reported that no relationship was observed between 24-hour mean blood pressure and reduced/oxidized glutathione ratio in hypertensive subjects.
Our findings show a significant relationship between LDL cholesterol levels and both endothelium-dependent vasorelaxation and markers of oxidative stress in patients with CAD. Hypercholesterolemia has been shown to attenuate endothelium-dependent vasorelaxation in numerous vascular beds, including human coronary arteries 18 and forearm resistance vessels. 19 In animal models of hypercholesterolemia, attenuated endothelial function associated with increased superoxide production is observed. 20 Our current study does not provide a mechanistic explanation for the relationship between LDL cholesterol and superoxide generation. However, LDL cholesterol and oxidized LDL cholesterol have been shown to affect the trafficking of eNOS to caveolae. 21 Both native and oxidized LDL cholesterol may cause an uncoupling of eNOS, resulting in superoxide production in endothelial cells. 22 In addition, components of oxidized LDL have been reported to stimulate superoxide production via NADPH oxidase. 23 Lipid-lowering therapy with statins has been demonstrated to improve endothelial function. 24, 25 In the current study, the relationship between LDL cholesterol and endothelial dysfunction and oxidative stress was maintained across the whole range of LDL cholesterol concentrations. These results are consistent with those from a recently published prospective clinical trial, 26 which showed that intensive lipid-lowering therapy in patients with stable CAD reduced the occurrence of major cardiovascular events. Significantly fewer events were observed in patients in whom LDL cholesterol levels were 2.0 mmol/L compared with those with a mean LDL cholesterol of 2.6 mmol/L.
Although LDL cholesterol was a significant predictor of both markers of oxidative stress and endothelial function in our study, there was no obvious relationship between either of the markers of oxidative stress examined and endothelial function. Other factors, including surgical preparation of vessels 27 and levels of oxygen radical degrading enzymes, such as extracellular superoxide dismutase and catalase within the vessel wall, will have a major impact on endothelial function. 2, 28 In addition, C-reactive protein has been reported to influence endothelial function. 29, 30 We cannot rule out a contribution of C-reactive protein to endothelial function in addition to that of LDL cholesterol. Interestingly, both the reduced/oxidized glutathione ratio and total antioxidant capacity showed an association with blood pressure that was not observed for endothelial function.
LDL cholesterol was also related to superoxide production via NADPH oxidase as measured by relaxation to apocynin, although at a lower level of significance. NADPH oxidase is the predominant source of superoxide in the human vasculature. 7, 14, 31 Smoking, hypertension, hypercholesterolemia, and diabetes have all been reported to upregulate this enzyme. 31 In contrast, LDL cholesterol had no influence on the production of superoxide from xanthine oxidase, but superoxide production via this enzyme was significantly enhanced in diabetic subjects, consistent with the positive effect of allo-purinol on endothelial function in patients with diabetes. 32 Xanthine oxidase inhibition has been suggested to have therapeutic potential in patients with heart failure. 33 There has been much interest recently in the inhibition of vascular NADPH oxidase as a means to reduce oxidative stress and progression of cardiovascular disease. 34, 35 Our data indicate that there is a significant relationship between LDL cholesterol and vascular oxidative stress across the entire range of LDL cholesterol concentrations. This provides a mechanistic explanation in support of intensive LDL cholesterol-lowering therapy as suggested by recent clinical trials.
